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Abstract. The biochar produced from the agricultural wastes was aimed to amend the extreme degraded 
soil. The properties of biochar prepared from Acacia wood and coconut shell were investigated by 
different pyrolysis conditions in order to identify the suitable initial biomass of biochar applied for sandy 
soil amendment. The slow pyrolysis was applied for preparing biochar under different conditions. The 
temperature was varied from 300, 400 and 500 oC meanwhile the pyrolysis times were varied to 1, 2 and 3 
hours. The parameters indicating biochar property are SA, APD, elemental contents of C, H, O and N, 
pH, CEC, and WHC. The properties of Acacia biochar and coconut shell biochar were compared using 
paired T-test at 95% confident interval to analyze the significant difference. The results indicated that the 
types of the initial biomass and the pyrolysis conditions have an impact on the properties of biochar for 
both physical and chemical. The suitable temperature was 500 °C for 2 hours. The different types of 
biomass are significantly effect on the SA, C and O contents, pH, CEC and WHC of the prepared biochar 
(P<0.05). Properties of Acacia wood biochar indicate that it is more suitable than coconut shell biochar to 
be applied as sandy soil amendment due to its higher SA, higher CEC, and neutral pH. Meanwhile, 
coconut shell biochar also can be applied for the typical soil appropriate and increase crop yield. 
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1. Introduction 
 
Agricultural waste in developing countries includes all organic and inorganic wastes produced from 
agricultural activities [1] such as harvest waste, residues from farming and other organic by-products. 
Challenges of agricultural waste management in those developing countries including Thailand rely on 
available knowledge and technologies which is very specific to local physical, biological and social 
environment. However, waste reuse and recycle are prioritized and referable [2] rather than energy recovery 
use. In a developed country such as the United States, organic wastes for a sustainable agriculture was 
aimed for sustaining the soil productivity [3] because of the benefits of organic wastes on soil physical 
properties and improvement of soil productivity. In Thailand, the biomass waste produced from 
agricultural area 122.2 million Rais (or 19.6 million hectares) or 38.2 % of total country area. These organic 
wastes from the agricultural activities were studied in various utilization routes including fertilizer 
application, fermentation, pollution control, animal feed, fuel, and pyrolysis. The utilizations were mostly 
for soil fertility improvement such as compost and liquid bio-extract fertilizer [4, 5] and crop yield 
enhancement [6, 7]. The impacts of recycling wastes also aim for soil water and soluble nutrient retention 
[8]. Biological charcoal or biochar is a product of 350-500 ºC pyrolysis of biomass waste [9, 10] to achieve 
the degradation resistance [11, 12], and is amended in degraded soil for soil improvement and agricultural 
production. For the improvement of degraded soil, the biochar amended soil showed significant nutrient 
uptake in wheat [13], and other economic plants in many countries [14-18]. The pyrolysis biomass contains 
functional sites which change chemical and physical properties in biochar amended soil [19-21] such as 
change nutrient availability, cation exchange capacity (CEC), pH, soil strength, and water holding capacity 
[22]. The biochar application in soil also showed as a means of carbon sequestration and maintain or 
improve soil ecological functions [23] by increased total carbon [24], total nitrogen, pH, available P, and 
exchangeable cations (e.g. Ca, Mg, Na, and K) in soil ecosystem [25]. These properties of the initial 
biomaterial and the pyrolysis conditions are the important factors affecting the biochar properties [26] 
which can be used for determining the final application of the biochar and its effect in soil [27]. For 
example, larger pores in the biochar are the result of the vascular structure of the original biomass [22]. 
Increased inorganic elements of the initial biomass result in decreased carbon content of the resulting 
biochar [28] while high carbon material at 300-700 ºC showed better biochar amended soil properties 
depending on the carbon content in the initial biomass such as Acacia wood and coconut shell. However, 
the enhancement of crop productions also depend on frequency and concentration of biochar application 
in different soil types [13, 16, 17, 29-32]. Hence, the application of biochar for sustainable agricultural 
management still need continuous research to find out the best management practices under different soil 
regimes. The sandy soil at the Huay Sai Royal Development Study Center located in Cha-am District, in 
Petchaburi Province, Thailand retarded green area development. Crops growing in the sandy soil need soil 
moisture to deliver the dissolved nutrients to plant roots. Therefore, the study was aimed to improve the 
sandy soil properties by application of biochar. The properties of biochar prepared from different biomass 
waste: Acacia wood and coconut shell were observed and analyzed in order to identify the suitable biochar 




2.1. Raw Material and Biochars Preparation 
 
The raw materials for biochars preparation were made from agricultural waste, Acacia wood (Leucocephala 
glauca Benth.) and coconut shells(Cocos nucifera Linn. Palmae). The 300 g of 2x2x2 cm3 bio-raw materials were 
air dried in open air for 2 weeks and placed in a clay pot with a cover lid before carbonization in the 
Nabertherm Lab Furnace (Models Muffle furnace LT 5/12‎, 30 to.‎ 3000 °C, Germany)‎ at Environmental 
Science Department, Faculty of Science, Chulalongkorn University. The pyrolysis conditions [14, 15] of 
two biomass samples were set at slow pyrolysis heating steps of 10 oC per minute, following Biochar 
standard of the International Biochar Institative [33]. until reaching 300, 400 and-500oC of setting 
temperatures varied with 1, 2, and 3 hours respectively (2 samples x 3 temperatures x 3 time periods x 3 
replications). After carbonization, the biochar samples were left to cool in the furnace until room 
temperature and kept in a desiccator before the laboratory study. The three sample replications were 
composite sampled; therefore, nine composite samples were prepared for biochar property analysis. 
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2.2. Analysis of Properties of Biochar 
 
The prepared biochar particles of all composite samples were sampled analyzed by using the scanning 
electron microscope (SEM). The biochar properties which related to its functions for soil condition 
improvement were determined for the surface area (SA) and average pore diameter (APD) by adopting the 
Brunauer–Emmett–Teller (BET) multipoint method (Autosorb- I Series Quantachrome Instruments, 
USA), pH of biochar and water ratio 1:5 by pH meter (Mettler Toledo, USA ) ,elements (C, H, N and O) 
measured by using atomic analyzer (2400 CHN Elemental Analyzer, Perkin Elmer, USA) and CEC at pH 7 
with ammonium acetate [34]. All data represent composite sample conditions and present as means values. 
The significant differences of furnace temperature that effects band were calculated with an alpha level of 
0.05 by using Minitab version17 (Minitab Inc.) and to find the 2-D contour line of biochar properties. 
Tukey's range test was used to indicate significance among ordered means [35]. 
 
3. Results and Discussion 
 
The biochar amendation in low fertile soil may affect soil and crop relation depending on site specificity 
and biochar properties. There are many parameters involving the properties of biochar in soil improvement 
such as initial biomass from different plants and conditions of furnace [36-38]. 
 
3.1. Properties of Biochar 
 
The two plants, Acacia wood (AC) and coconut shell (CS) were prepared for the 300, 400, and 500 C varied 
with 1, 2 and 3 hours in the furnace. The study showed that both temperature and timing of carbonization 
expressing some effects to biochar properties for soil chemical and physical improvement including surface 
area of substrate particles, porosity, available water in soil pores and soil nutrient cation exchange capacity 
(Table 1). The SEM images present different morphology of biochar affected by the different initial biomass 
materials of Acacia wood and coconut shell, pyrolyzed at different temperatures in 2 hours (Fig. 1).  
The physical and chemical properties of biochar prepared from Acacia wood (AC) and coconut shell 
(CS) were illustrated in Figs. 2 to 10. For the physical properties, the surface area (SA) of biochar increased 
at the higher pyrolysis temperature. The highest SA of biochar prepared from both raw materials was 
increase significantly at 500oC with 2 hours pyrolysis time; although it slightly increased at 3 hours of 
pyrolysis period (Fig. 2). On the contrary, the average pore diameter (APD) of biochar decreased at the 
higher pyrolysis temperature (Fig. 3). The obtained APD depend on types of initial biomass and condition 
of carbonation. The highest APD of biochar prepared from Acacia wood was produced at 300oC with 1 
hour pyrolysis time while the biochar prepared from coconut shell was at 300oC for 2 hours. 
The increase of surface area which directly increase the soil nutrient absorption [37, 38]; however, the 
application of biochar depend on certain parameter for soil condition improvement. It can be limited by 
the soil pH changed caused by biochar pH property (Fig. 4). The pH of biochar which was prepared from 
Acacia wood trends to be weak acidic to weak basic while of biochar prepared from coconut shell trends to 
be more basic. The carbon content of biochar increased while hydrogen content and oxygen contents 
decreased with increasing temperature (Figs. 5, 6, and 7) whereas the nitrogen values of biochar prepared 
from all conditions was stable and very low (Fig. 8). This indicates an increasing degree of carbonization 
[26].  
The chemical property of biochar was reported in the terms of CEC that influence the absorption 
capacity of soil nutrient feeding. The CEC of biochar influenced by type of initial biomass by showing that 
the maximum 41.30 to 127.45 cmol /kg of CEC found from Acacia wood biochar was higher the maximum 
13.67 to 61.23 cmol/kg of CEC at 500 oC for 3 hours of biochar prepared from coconut shell (Fig. 9). 
Moreover, the CEC values of Acacia wood biochar were significantly higher than those of coconut shell 
biochar at 95% of confidential of interval (P<0.05) by using Paired T-test. The water holding capacity 
(WHC) was different by difference of the initial biomass types. The WHC of Acacia was highest at 303.30 
to 426.20 % of biochar which was prepared at 300 ºC for 1 hour whereas the‎maximum WHC of coconut 
shell biochar prepared at 300 ºC for 1 hour was only 35.30 to 75.3 % (Fig. 10). 
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Table 1. Properties of biochar prepared from Acacia wood (AC) and coconut shell (CS) under nine 
different pyrolysis conditions (Three (3) varied temperatures x three (3) varied time periods of incineration). 
 
 















AC 300 1 2.14 71.87 68.85 3.44 0.02 27.66 6.0 69.86 426.20 
 300 2 4.09 57.78 66.91 3.41 0.02 29.55 5.5 106.30 344.40 
 300 3 6.09 59.73 67.56 3.52 0.02 28.85 5.0 127.45 355.10 
 400 1 4.56 63.8 68.21 3.62 0.02 28.07 5.6 87.80 352.60 
 400 2 108.89 25.55 66.98 4.30 0.22 28.46 6.8 102.60 303.30 
 400 3 100.56 26.85 68.68 3.13 0.06 28.09 6.2 96.81 380.20 
 500 1 330.63 22.87 72.98 2.92 0.10 23.99 7.9 41.30 313.80 
 500 2 370.37 22.41 70.74 2.98 0.10 26.07 7.8 69.26 345.60 
 500 3 376.51 23.07 73.26 2.91 0.08 23.64 7.7 64.40 365.70 
CS 300 1 1.03 60.60 53.47 3.70 0.10 42.57 6.4 34.76 69.78 
 300 2 1.03 95.26 48.32 3.93 0.01 47.56 6.5 26.25 70.03 
 300 3 0.95 80.07 43.46 3.62 0.01 52.76 6.9 55.09 75.30 
 400 1 4.01 48.21 31.84 3.08 0.02 64.87 7.2 19.92 56.65 
 400 2 8.76 40.57 43.08 3.17 0.01 53.62 8.8 13.67 52.62 
 400 3 11.32 40.30 54.28 3.16 0.01 42.54 9.1 26.34 49.15 
 500 1 199.38 27.07 65.48 3.15 0.01 31.35 9.3 24.95 54.13 
 500 2 347.96 22.06 64.77 2.93 0.01 32.29 8.9 14.74 38.90 
 500 3 351.95 22.20 64.06 2.70 0.01 33.20 8.9 61.23 35.30 
Note: *The results represent an average instrumental measurement of composite sample.  
 
   
AC, 300 oC, 2 hour AC, 400 oC, 2 hours AC, 500 oC, 2 hours 
   
CS, 300 oC, 2 hour CS, 400 oC, 2 hours CS, 500 oC, 2 hours 
 
Fig. 1. Morphological structure of biochar analyzed by SEM on the prepared Acacia wood (AC) and 
coconut shell (CS) at 300, 400 and 500 ºC with 2 pyrolysis times. 
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Fig. 2. (a) Fig. 2 (b) 
Fig. 2. Surface area(SA) of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
 
  
Fig. 3. (a) Fig. 3 (b) 




Fig. 4. (a) Fig. 4. (b) 
Fig. 4. pH values of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
 
  
Fig. 5. (a) Fig. 5. (b) 
Fig. 5. Carbon content of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
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Fig. 6. (a) Fig. 6. (b) 
Fig. 6. Hydrogen content of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
 
  
Fig. 7 (a) Fig. 7. (b) 
Fig. 7. Oxygen content of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
 
  
Fig. 8. (a) Fig. 8. (b) 
Fig. 8. Nitrogen content of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
 
  
Fig. 9. (a) Fig. 9. (b) 
Fig. 9. CEC of biochar prepared under various conditions (a) Acacia wood (b) coconut shell. 
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Fig. 10. (a) Fig. 10. (b) 
Fig. 10. Water Holding Capacity (WHC) of biochar prepared under various conditions: (a) Acacia wood; 
(b) coconut shell. 
 
3.2. Comparison of Properties of Biochar Prepared from Acacia Wood and Coconut Shell 
 
3.2.1. Surface area (SA) 
 
The surface area generally found related to nutrient bioavailability. The surface area of biochar is the key 
indicator of sorption ability of biochar [26]. The biochars can have a large range of surface area depending 
on the initial biomass and pyrolysis conditions. In soil with low bioavailable N and P concentrations sandy 
soil texture that was biochar amendment, the high surface area, as a consequent of biochar-induced changes 
in soil physico-chemical properties and biological processes [38] depends on the site-specific conditions. 
For instance, the surface areas of biochar prepared from corn cob at 250-500oC range from 1.86-30.57 
m2/g [26] and pine biochar range from <10-400 m2/g [39]. While the surface area of sandy soil is 0.01 
m2/g approximately, therefore the high surface area biochars can increase the overall surface area of sandy 
soil. According to the surface area values of the two experimental materials, those values obviously showed 
big range of difference. Hence, the comparison of surface areas of Acacia wood biochar and coconut shell 
biochar prepared under nine conditions was revealed by using the paired T-test and found the significant 
difference at 95% confident interval (P<0.05). The results of paired T-test of surface areas of Acacia wood 
biochar and coconut shell biochar showed that the mean of surface area of Acacia wood biochar was 
significantly higher than those of coconut shell biochar which indicated the suitability for applying as sandy 
soil improvement. Both initial biomaterials, Acacia wood biochar (370.37 m2/g) and coconut shell biochar 
(347.96 m2/g) showed that the suitable temperature was 500 °C for 2 hours (Table 2).  
 
Table 2. Results of paired T-test at 95% confident interval of surface areas of Acacia wood (AC) biochar 
and coconut shell (CS) biochar. 
 
  
Acacia Wood Coconut Shell 
Temperature Time SA Mean SD  SA Mean SD  
oC h. m2/g     m2/g     
300 1 2.14 
  
1.03 
  300 2 4.09 4.11 +1.98 1.03 1.00 +0.05 
300 3 6.09     0.95     
400 1 4.56 
  
4.01     
400 2 10.06 8.50 +3.44 8.76 8.03 +3.71 
400 3 10.89     11.32     
500 1 330.63 
  
199.38     
500 2 370.37 359.17 +24.91 347.96 299.76 +86.96 
500 3 376.51     351.95     
 
3.2.2. Average pore diameter (APD) 
 
The pore structure is a function of the properties of the original biomass, as well as the process conditions 
[40]. The higher APD benefits the adsorption of plant nutrients [18]. The varied pyrolysis conditions with 
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200 to 500 oC increased APD and SA which was appropriate for soil improvement [41]. The 17.46 + 
0.02 % of the biochar APD were reported effectively uninhabitable for most microbes, being with <1 μm 
in diameter [42]. However, the highly porous structure of biochar helped improve soil water retention [43] 
though did not necessarily improve available water capacity [43-45]. The comparison of APD of the Acacia 
wood and coconut shell biochar prepared under nine conditions and using the paired T-test showed an 
insignificant difference at 95% confident interval (P>0.05). Table 3 presents the results of the paired T-test 
of APD of Acacia wood and coconut shell biochars.  
 
Table 3. Results of paired T-test at 95% confident interval of APD of Acacia wood (AC) biochar and 












APD of Acacia wood (AC)  
(Å) 
300 63.13 7.63 4.41 
-1.26 0.243 
400 38.70 21.70 12.5 
500 22.78 0.34 0.19 
APD of coconut shell (CS) 
(Å) 
300 68.60 17.40 10.00 
400 43.03 4.49 2.59 
500 23.78 2.85 1.65 
Difference  -6.93 16.51 5.50 - - 
 
3.2.3. Water holding capacity (WHC) 
 
For the sandy soil improvement, the biochar amendment showed tendency of an increase in soil water 
content and significantly improve the available water capacity depending on soil textures [46]. For the study 
the water holding capacity of biochar depends on carbon component of wood fibre. The biochar with high 
WHC amended in sandy loam soil increases water-holding capacity and might lead to the increase in water 
available for crop use [47] in a certain site.‎The biochar application on a sloping farmland soil in China 
increased the WHC of soil, but accelerated organic carbon leaching from the land [48].‎Moreover, effects of 
biochar application on different soil types showed the biochar potential for enhancing crop productivity in 
coarse sandy soils by increasing soil water retention and improving root development [49]. When compare 
the WHC of biochar produced from the two plants, AC and CS, the WHC of AC was significantly higher 
than those of CS at 95 % of confidential of interval (P>0.05) by using the paired T-test. (Table 4).  
 













WHC of Acacia wood (AC) 
(%) 
300 375.23 44.46 2.40 
13.35 0.000 
400 345.37 38.96 2.56 
500 341.70 26.17 7.57 
WHC of Coconut Shell (CS) 
(%) 
300 71.70 3.12 33.98 
400 52.81 3.75 28.04 
500 42.78 10.00 18.60 
Difference  298.34 30.91 -22.70   
 
3.2.4. Elemental composition 
 
The comparison of elemental contents of Acacia wood and coconut shell prepared under nine conditions 
using paired T-test showed that the carbon and oxygen content of biochar from Acacia wood and coconut 
shell are significantly different at 95% confident interval (P<0.05). Meanwhile, the hydrogen and nitrogen 
content are insignificantly different at 95% confident interval (P>0.05) Table 5 to Table 8 presents the 
results of paired T-test of elemental contents of the Acacia wood and coconut shell biochars. The 
biomaterial of Acacia wood and coconut shell which composed of C, H, N and O will be changed by the 
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temperatures of pyrolysis [50]. The carbonation in the pyrolytic process, the C content of the biochar was 
concentrated while the H and O contents both decreased with increasing temperature. This is a typical 
feedstock response during the pyrolytic process, where the feedstock loses surface functional –OH groups 
due to dehydration and at higher temperatures loses C-bound O and H atoms due to structural core 
degradation [51]. By the structure degradation, the H and O of material were destructed and then causes 
high APD. The APD relates to H and O that accumulated inside the APD and absorbs soil pore water 
around 1 to 5 Bars in sandy or sandy loam soils [52].  
 
Table 5. Results of paired T-test at 95% confident interval of carbon content of Acacia wood (AC) and 













Acacia wood (AC) 
300 67.77 0.99 0.57 
5.32 0.001 
400 67.96 0.88 0.51 
500 72.33 1.38 0.80 
%C 
Coconut Shell (CS) 
300 47.42 5.01 2.89 
400 43.07 11.22 6.48 
500 64.77 0.71 0.41 
Difference  17.27 9.73 3.24 - - 
 
Table 6. Results of paired T-test at 95% confident interval of oxygen content of Acacia wood (AC) and 












%O Acacia wood 
(AC) 
300 28.68 0.96 0.55 
-5.27 0.001 
400 28.21 0.22 0.13 
500 24.57 1.31 0.76 
%O Coconut Shell 
(CS) 
300 47.63 5.10 2.94 
400 53.68 11.17 6.45 
500 32.28 0.93 0.53 
Difference  -17.37 9.88 3.29 - - 
 
Table 7. Results of paired T-test at 95% confident interval of hydrogen content of Acacia wood (AC) and 













Acacia wood (AC) 
300 3.45 0.05 0.03 
0.53 0.608 
400 3.68 0.59 0.34 
500 2.94 0.04 0.022 
%H 
Coconut Shell (CS) 
300 3.75 0.16 0.09 
400 3.14 0.05 0.03 
500 2.93 0.23 0.13 
Difference  0.088 0.494 0.165 - - 
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Table 8. Results of paired T-test at 95% confident interval of nitrogen content of Acacia wood (AC) and 












%N Acacia wood 
(AC) 
300 0.02 0.00 0.00 
1.86 0.099 
400 0.10 0.11 0.06 
500 0.09 0.01 0.01 
%N Coconut Shell 
(CS) 
300 0.04 0.05 0.03 
400 0.01 0.01 0.00 
500 0.01 0.00 0.00 




The pH of the biochars depend on both the content and composition of the mineral fraction, type of initial 
biomass and conditions under which the amendment is produced [53]. The comparison of the pH of the 
biochars from Acacia wood and coconut shell prepared under nine conditions using paired T-test showed a 
significant difference at 95% confident interval (P<0.05). Table 9 presents the results of paired T-test of 
pH of the Acacia wood and coconut shell materials. The increase of pH can be explained by the effects of 
pyrolysis that cause degradation on different components on the biomaterial. The remain C in the biochar 
can be induced more negative charges, so the hydronium ions of water addition were absorbed and caused 
higher pH. Therefore, the biochar amendment in soil should be control for the pH change less than one 
unit pH [51]. The increase pH in soil by biochar amendment was also mentioned on the study of surface 
chemistry variations among a series of laboratory-produced biochars. This study revealed that high 
temperature biochars will raise soil pH [54]; although the anion exchange capacity in the biochars was not 
measured. 
 














Acacia wood (AC) 
300 5.50 0.50 0.29 
-6.29 0.000 
400 6.20 0.60 0.35 
500 7.80 0.10 0.06 
pH 
Coconut Shell (CS) 
300 6.60 0.27 0.15 
400 8.36 1.02 0.59 
500 9.03 0.23 0.13 
Difference  -1.5 0.716 0.239 - - 
 
3.2.6. Cation exchange capacity 
 
The CEC of soil can be increased by biochar application [25] which can intensify the nutrient uptake ability 
of the plant. The improving of cation exchange capacity (CEC) and the water holding capacity (WHC) 
results in the fertility of loamy sand soil. From the soil quality of Center, the strong positive correlations 
also exist among soil WHC with CEC and biochar micropore area [55]. This was supported by the study of 
biochar produced from the microwave-assisted catalytic pyrolysis and it showed biochar with high sorption 
affinity and high CEC which remain essential nutrients for the growth of biomass and food crops[37]. The 
CEC of soil amended with biochar can be increased up to 20% [51]. This study shows that the lower 
temperature presented higher CEC in both biomaterial, therefore to obtained high CEC of biochar, the 
lower temperature biochars will be better used to increase soil CEC [54].  
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Table 10. Results of paired T-test at 95% confident interval of the CEC of Acacia wood (AC) biochar and 













Acacia wood (AC)  
300 101.2 29.10 16.80 
5.49 0.001 
400 95.74 7.46 4.31 
500 58.32 14.94 8.63 
CEC (cmol/kg) 
Coconut Shell (CS) 
300 38.70 14.82 8.56 
400 19.98 6.34 3.66 
500 33.60 24.40 14.10 




Types of the original biomass and the conditions of preparation process have an impact on the physical and 
chemical properties of biochar. Results of study revealed that the different types of biomass; Acacia wood 
and coconut shell, showed a significant effect on the surface area, carbon and oxygen content, pH, CEC 
and WHC of the prepared biochars at a 95% confident interval. The properties of both biochar reveal 
optimal condition at 500 °C at 2 hours of pyrolysis time. The Acacia wood biochar was more suitable than 
coconut shell biochar when applied as an amendment to degraded-sandy soils due to its higher surface area, 
greater CEC, and nearly neutral pH. Meanwhile, sandy soil amended with Acacia wood biochar is more 
appropriate when applied to the typical sandy clay loam soil required organic composts addition together 
with chemical fertilizer (N:P:K = 15:15:15). The biochar will absorb the ammonium and nitrate for the 
plant growth in particularly the seeds, but not the shoot and leaves. Therefore, the sandy soil amended with 
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